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Abstract—Consumption-based carbon emission measures aim
to account for emissions associated with power transmission from
distant regions, as opposed to measures which only consider
local power generation. Outlining key differences between two
different methodological variants of this approach, we report
results on consumption-based emission intensities of power gen-
eration for European countries from 2016 to 2019. We find that in
particular for well connected smaller countries, the consideration
of imports has a significant impact on the attributed emissions.
For these countries, implicit methodological choices in the input-
output model are reflected in both hourly and average yearly
emission measures.
I. INTRODUCTION
Decarbonising the power sector plays a key role in Eu-
ropes ambition to be the first climate-neutral continent by
2050 [1]. Monitoring the emissions associated with generation,
consumption, and transmission of electricity thus becomes
a crucial information that helps steering the measures to
implement the envisioned European Green Deal. However,
attributing and spatialising emissions in the electricity system
is challenged by the fact that generation and consumption are
connected via power transmission connections, covering large
distances through the electricity grid. Accordingly, generation-
based emissions in one country can be very different from the
consumption-based emissions in the same country, the latter
being determined also by the imports from other countries
through the power grid [2], [3]. Given the increasing integra-
tion of European electricity markets, and the rising share of
renewable generation located distant from load centers, the
corresponding long-distance power flows are expected to be
of even larger importance in the future [4]. The incorporation
of imports and exports is therefore particularly relevant for
the interconnected, heterogeneous European electricity sys-
tem, with its very different regional generation mixes shaped
by local environmental resources, historical trajectories, and
current and past policy measures. Recently, this challenge
has been addressed using an input-output model adapted to
trace power flows through the electricity grid [5], [6], [7]. It
was shown that for both the European and the U.S. power
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system, the generation-based emissions of the considered
regions often substantially differ from the consumption-based
emissions. These findings underline the relevance of such
flow-based carbon accounting measures, and the need for a
deeper understanding of the methodological assumptions and
the influence of the underlying data sets. In this contribution,
we compare two different variants to couple regional power
generation to international transmission flows in the context
of the determination of consumption-based carbon emission
intensities of European countries. We show that implicit
methodological choices can have a significant influence on the
resulting characterisation of the system. This emphasises the
importance of transparent and well-understood methodologies
for the analysis of highly interconnected energy systems,
as well as the usage of open data, which together allow a
critical assessment and reproduction of key findings for all
stakeholders [8], [9].
This article is structured as follows. After this introduction,
Section II reviews the data sources for this study. The sub-
sequent Section III defines two variants of the flow tracing
methodoloy (direct and aggregated coupling), and reviews
the concept of consumption-based carbon emission intensities.
Results are discussed in Section IV, followed by a conclusion
in Section V.
II. DATA
All power system data used in this study is taken from the
Transparency Page of the European Network of Transmission
System Operators (ENTSO-E) [10]. We use hourly values
g(n,α)(t) for generation per production type α in country n,
total load dn(t), and cross-border physical flows fn→m(t) for
an area comprising 30 out of 35 ENTSO-E member countries
(see Fig. 1). The time index t runs over all hours of four years,
2016 - 2019. Production is attributed to nine categories (see
Table I), with storage dispatch from hydro power classified as
generation, and storage charging added to the total load for the
specific country. Cross-border physical flows fn→m(t) ≥ 0
from country n to country m are considered for 57 inter-
connectors, where the notation allows positive values only,
according to the actual orientation of the flow at time step t.
The data is corrected for imbalances, such that conservation
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Fig. 1. Transmission network model with 30 ENTSO-E member countries
as nodes, and 57 interconnectors as links. Arrows indicate average hourly
cross-border physical flows in 2019 according to data from the ENTSO-E
Transparency Page [10]. The largest flows occur from Switzerland to Italy
(2.4 GW), from Sweden to Finland (1.8 GW), and from France to Germany
(1.5 GW).
of power holds for all countries n (throughout the rest of the
article, the time index t is omitted for convenience):∑
α
g(n,α) +
∑
m
fm→n = dn +
∑
k
fn→k . (1)
It should be noted that monthly or yearly values for genera-
Technology Intensity [kgCO2eq/MWh]
solar 0.003599
geothermal 0.006635
wind 0.1452
nuclear 10.37
biomass 50.47
hydro 59.49
gas 530.6
oil 931.1
coal 1171
TABLE I
AVERAGE GENERATION-BASED CARBON EMISSION INTENSITIES PER
TECHNOLOGY AS DEFINED IN EQ. 2. FOR DETAILS CONSULT [7].
tion, load or cross-border flows published by ENTSO-E (for
instance in [11]) or in other reports (for instance in [12]) might
differ from aggregated hourly values due to ex-post consolida-
tion taking into account other statistical resources [13], [14].
Carbon emission intensities e(n,α) for generation per produc-
tion type α in country n are taken from [7]. These intensities
have been derived from the ecoinvent 3.4 database [15],
taking into account all CO2 equivalent operational emissions
occurring over the fuel chain as well as direct emissions
from combustion. Accordingly, these intensities differ from
values derived from reported emissions in the framework of
the EU ETS mechanism, see for instance [12]. Table I displays
generation-weighted emission intensities per generation type α
averaged across countries:
〈eα〉 =
∑
n e(n,α)g(n,α)∑
n g(n,α)
. (2)
Renewable generation from solar and wind power genera-
tion, for instance, has very low emission intensities mainly
associated with maintenance, whereas the high intensities for
coal and oil are based on the emissions from fossil fuel
combustion [7].
III. METHODS
The flow tracing methodology, which can be interpreted as
a multi-regional input-output model [7], [6], is described by
the following balance equation:
δn,mp
in
n +
∑
k
qk,mfk→n = qn,mpoutn +
∑
k
qn,mfn→k . (3)
Here we represent the meshed European transmission grid
as an aggregated network of countries as nodes, which are
connected by interconnectors as links. The value pinn then
refers to the power flow from country n into the network
(network inflow), and poutn refers to the flow into the country n
out of the network (network outflow). From this equation the
variables qn,m can be determined, which describe the fraction
of outflow poutn at node n originating from the inflow p
in
m
at node m [16]. This formulation incorporates the principle
of proportional sharing, i.e. the equal distribution of the
inflow (both the network inflow and the incoming power flow
over links) to the outflow (both the network outflow and the
outgoing power flow over links) [17], [18]. The defining equa-
tion (3) still leaves some degrees of freedom open regarding
the coupling to quantities defined inside the countries. In the
following we define two types of coupling, which determine
the nodal inflow and outflow. This in turn affects the definition
of the resulting composition of the demand dn,(m,α), which
represents the share of the demand at node n, that is associated
with generation g(n,α) of type α in country m.
a) Direct coupling: This coupling scheme assumes that
all generation and demand capacities are directly coupled to
the higher-level network. Consequently, a country n with non-
zero cross-border physical flows fm→n and fn→k has non-zero
network inflow (generation, storage discharging) and non-zero
network outflow (demand, storage charging):
pinn = gn =
∑
α
g(n,α) , (4)
poutn = dn . (5)
Here gn denotes the total generation gn =
∑
α g(n,α) in
country n. The share r(n,α) of the network inflow which is
associated with generation g(n,α) of generation type α from
country n is defined as
r(n,α) =
g(n,α)
gn
. (6)
The associated share of demand dm,(n,α) in country m is
calculated as
dm,(n,α) = dmqm,nr(n,α) . (7)
Note that in this coupling scheme, the tracing methodology
is applied to the entire generation mix, since all generators
are assumed to be directly coupled to the network. The
composition of the demand in a country is thus determined
3by the generation mix in all countries upstream in the flow
pattern in the overall system. This type of coupling has been
used for instance in [6], [7].
b) Aggregated coupling: This coupling scheme assumes
that all generation and demand is aggregated inside the node,
and only the net import IMn or net export EXPn is connected
to the higher-level network. Consequently, a node will either
be associated with network inflow (net exporting country) or
network outflow (net importing country):
pinn = EXPn = max (gn − dn, 0) , (8)
poutn = IMn = max (dn − gn, 0) . (9)
The share r(n,α) of the network inflow which is associated
with generation g(n,α) of type α in country n is again given
by
r(n,α) =
g(n,α)
gn
. (10)
The associated share of demand dm,(n,α) has to take into con-
sideration that internal generation first serves internal demand:
dm,(n,α) = δm,nr(m,α)
(
dm − poutm
)
+ qm,nr(n,α)p
out
m . (11)
Note that in this scheme, the tracing methodology is applied
only to the net import/net export of the individual countries,
not to the entire generation as in the direct coupling scheme.
It follows, that for net exporting countries the demand is only
associated with internal generation, whereas the generation
from net importing countries does not affect the composition
of the demand in downstream countries. This type of coupling
for instance has been used in [14], [19].
The generation-based carbon intensity of country n is
defined as follows:
eGn =
∑
α e(n,α)g(n,α)∑
α g(n,α)
. (12)
These intensities only refer to the generation inside country n
and do not take into account any imports or exports. Corre-
sponding values can be calculated for individual time steps t,
or as generation-weighted average values over the entire period
under consideration. In contrast, consumption-based carbon
intensities take into account imports and exports through the
flow tracing methodology reviewed above [7]:
eCm =
∑
α,n e(n,α)dm,(n,α)
dm
. (13)
Consumption-based emission intensities based on the direct
coupling methodology are visualised by the electricityMap
project [5].
IV. RESULTS
Figure 2 shows the evolution of the aggregated yearly
generation
∑
n g(n,α) and generation-based emissions∑
n e(n,α)g(n,α) of the 30 ENTSO-E member countries
considered for this study. Total generation remains almost
constant over these four years, whereas the generation
mix shows some evolution, notably a decrease in power
generation from coal, and an increase in gas and renewable
power generation. These changes are reflected in a reduction
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Fig. 2. Top: Mix of total generation for the years 2016 to 2019 aggregated over
30 ENTSO-E member countries. Bottom: Total generation-based emissions for
the years 2016 to 2019. Dark grey values show the aggregates over internal
generation (that is, excluding net exports), light grey represents aggregates
over external generation (that is, net imports only).
of about 11% of the generation-based emissions from 2016
to 2019. This increase is mostly due to a decrease of
about 23% in emissions associated with power generation
from coal, which is only partially offset by an increase
of emissions from gas power generation. Note that these
values are based on non-consolidated hourly data from
the ENTSO-E Transparency Page and operational emission
intensities as stated in [7]. Differences to European power
sector carbon dioxide emissions reported in the literature
based on consolidated yearly data and combustion-related
emissions can be observed, for instance due to missing data
for smaller gas power plants or misclassified generation in the
hourly data [12]. Figure 2 also shows the relation between
the internal generation, which is total generation minus total
net exports or equivalently total consumption minus total net
imports, and external generation, which is total net exports or
equivalently total net imports:
gINT =
∑
n
(gn − EXPn) =
∑
n
(dn − IMn) , (14)
gEXT =
∑
n
EXPn =
∑
n
IMn . (15)
gTOT =
∑
n
gn = g
INT + gEXT . (16)
Overall, the share of the total external generation is of the
order of 5% to 6%, increasing from 4.7% in 2016 to 6.1%
in 2019, with the associated emissions increasing from 3.1%
to 4.5% of total emissions. It should be emphasised that the
aggregated coupling scheme of the flow tracing algorithm
only incorporates this external part of the total generation
(net imports and net exports), whereas the direct coupling
takes the whole generation into account. Figure 3 displays the
total external generation mix and the associated emissions for
the period 2016-2019. It can be observed that the increase
42016 2017 2018 2019
0
25
50
75
100
125
150
175
Ge
ne
ra
tio
n 
[T
W
h]
biomass
coal
gas
geothermal
hydro
nuclear
oil
solar
wind
2016 2017 2018 2019
0
5
10
15
20
25
30
35
40
Em
iss
io
ns
 [M
TC
O2
eq
]
Fig. 3. Evolution of the total external generation mix (top) and associated
emissions (bottom) from 2016 to 2019.
from 4.7% to 6.1% of total generation corresponds to an
absolute increase of about 44 GWh from 2016 to 2019,
corresponding to 32% of the value in 2016. The associated
emissions increase by around 6.1 MtCO2eq in this period,
or around 17% of the value in 2016. This indicates that the
emission intensity of external generation in general is smaller
than the emission intensity of the total generation, which is
confirmed by the results shown in Table II. These differences
Emission intensity
[gCO2eq/kWh]
Year Total Internal External
2016 359.8 364.8 259.2
2017 369.9 374.3 264.1
2018 342.2 348.1 243.9
2019 311.6 316.8 230.8
TABLE II
AVERAGE GENERATION-BASED CARBON EMISSION INTENSITIES FOR
TOTAL, EXTERNAL, AND INTERNAL GENERATION.
in carbon emission intensities for total, internal, and external
generation are due to the different generation mixes. Table III
compares the power mix for the total generation (which is
taken into account by the direct coupling scheme) and for
the internal generation (which is relevant for the aggregated
coupling scheme) for 2019. The most significant differences
are the higher share of nuclear power in the external generation
mix (external: 39.7%, total: 26.6%), to a large degree related
to the nuclear power generation of the net exporting country
France, and the lower share of gas power (external: 9.3%,
total: 20.3%). In combination with the slightly lower share of
coal power generation in the external mix (external: 13.7%,
total: 15.9%), this leads to the lower carbon emission intensity
of external generation compared to total or internal generation
(see Table II).
The differences in the power mix and the resultant emission
intensities for the total and the external generation affect the
Generation mix
Technology Total External
solar 3.8% 3.1%
wind 13.1% 11.4%
nuclear 26.6% 39.7%
hydro 16.2% 19.5%
gas 20.3% 9.3%
coal 15.9% 13.7%
other 4.2% 3.3%
TABLE III
POWER MIX OF TOTAL AND EXTERNAL GENERATION IN 2019. BIOMASS,
GEOTHERMAL, AND OIL HAS BEEN AGGREGATED AS ‘OTHER’. RECALL
THAT ‘HYDRO’ ALSO INCLUDES HYDRO STORAGE DISPATCH.
determination of the consumption-based emission intensities
based on the direct and the aggregated coupling scheme, re-
spectively. Figure 4 shows hourly consumption-based emission
intensities for direct vs. aggregated coupling for four selected
countries (Germany, France, Denmark, Austria) in 2019. For
Germany and France, both schemes lead to very similar
results. Representing the countries with the largest generation
amongst the ENTSO-E member countries, for these countries
local generation is dominant in comparison with imports,
which reduces the impact of differences between both coupling
schemes. In contrast, for smaller countries with significant
cross-border power flows like Denmark or Austria, imports
are significant in comparison with local generation. According
to [11], the sum of incoming cross-border physical flows for
Germany in 2018 was around 31.5 TWh in comparison to
597.6 TWh of local net generation (France: 13.5 TWh inflow
vs. 548.6 TWh net generation), whereas for Denmark the
inflows of 15.6 TWh and outflows of 10.4 TWh compare to
28.9 TWh of local net generation (Austria: 29.4 TWh inflows
and 19.1 TWh outflows vs. 67.5 TWh net generation). Conse-
quently, for such countries with significant cross-border flows
compared to local net generation, the methodological choices
for the consideration of emissions associated with imports are
relevant. This is visible in Figure 4, which shows significant
differences in hourly consumption-based emission intensities
for Denmark and Austria, based on the direct and the aggre-
gated coupling scheme, respectively. Although, in particular
for well-connected smaller countries, the hourly values of
consumption-based emission intensities thus significantly de-
pend on the choice of the coupling scheme, these results might
average out over time. Figure 5 compares generation-based and
consumption-based emission intensities (direct and aggregated
coupling) for 30 ENTSO-E member countries in 2019 in
relation to the share of the non-fossil share of generation in the
specific countries (adapted from [7]). As intuitively expected,
countries with a high share of non-fossil generation show
comparatively lower emission intensities for the generation-
based measures, whereas countries with a high share of fossil
generation show lower emissions from consumption-based
measures [7]. It is apparent that also for these average intensi-
ties, differences due to the coupling scheme can be observed.
Under the aggregated coupling scheme, Austria, for instance,
shows an average consumption-based emission intensity which
is closer to the generation-based intensity when compared
to the value resulting from the direct coupling. This is due
5Fig. 4. Consumption-based emission intensities in gCO2eq/kWh based on
the direct (x-axis) and the aggregated (y-axis) coupling scheme. Each dot
corresponds to one hour in 2019. The distribution of these intensities over the
year is visualised in the margins, respectively. Top left: Germany. Top right:
Denmark. Bottom left: France. Bottom right: Austria.
to transient flows, which under the direct scheme distribute
Austria’s low carbon hydro power generation downstream,
whereas this generation is accounted predominantly internally
to Austria under the aggregated scheme.
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Fig. 5. Average generation- and consumption-based emission intensities for
30 ENTSO-E member countries in 2019, in comparison to their local share
of non-fossil power generation. Green: generation-based. Blue: consumption-
based, direct coupling scheme. Orange: generation-based, aggregated coupling
scheme. Figure adapted from [7].
V. CONCLUSION
When assessing the carbon footprint of regional electricity
consumption, generation-based measures in general do not
consider the role of imports and exports. In particular, when
net imports or transient flows are significant in comparison
with local generation, consumption-based emission measures
incorporating power transmissions can lead to very different
estimates. In this contribution, we analyse the influence of
specific methodological choices in the context of a tracing
approach to carbon emission accounting in the European
electricity system. One variant, called direct coupling, assumes
that a region is immediately embedded into the power grid, and
thus all generation and load is directly coupled to the network
representation. The opposing perspective is represented by
the so-called aggregated coupling, where – from the network
perspective – a region is assumed to be situated on another
level than the higher-level grid. All generation and load, thus,
is balanced in the region first, and only remaining net exports
or net imports are coupled to the network. For the application
to a network of 30 ENTSO-E member countries, we observe
that total net imports/exports show a different power mix
than total generation, leading to changes in the estimated
consumption-based emission intensities under both coupling
schemes, in particular for smaller, highly connected countries.
These finding highlight the necessity of clearly understanding
and communicating the implicit methodological choices in-
herent in such consumption-based emission measures. A clear
suggestion about which of these two perspectives, direct vs.
aggregated coupling, should be selected for the analysis of a
specific system mostly depends on the grid structure and the
spatial scale of the analysis. In this context, further under-
standing of the influence of the spatial scale in the network
representation on the flow tracing results is needed [20].
Our analysis sets the focus on the methodological details
of incorporating power transmission in consumption-based
emission measures associated with electricity generation. From
a broader perspective, establishing such measures is even more
dependent on the availability and quality of the underlying
data. For instance, although transmission operators already
provide detailed power sector data through the ENTSO-E
Transparency Platform, this data is still far from perfect, and
in general needs different levels of corrections. Improving
data quality and establishing common best practices for taking
into account still existing inadequacies thus is a necessary
complement to methodological studies as presented in this
contribution.
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